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APPARATUS AND METHOD TO ANGULARLY 
POSITION MICRO-OPTICAL ELEMENTS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation-in-part applica 
tion of divisional application of US. Ser. No. 09/482,119, 
?led Jan. 13, 2000, of application U.S. Ser. No. 09/037,733, 
?led Mar. 10, 1998, now US. Pat. No. 6,151,967, issued 
Nov. 28, 2000. This application references art disclosed in 
continuation-in-part applications: U.S. Ser. No. 09/834,691, 
?led Apr. 13, 2001; US. Ser. No. 

[0002] 09/816,551, ?led Mar. 24, 20001; and US. Ser. No. 
09/794,198, ?led Feb. 27, 2001, of divisional application 
U.S. Ser. No. 09/482,119. Each disclosure of the foregoing 
applications are expressly incorporated herein by reference. 
All of the applications are assigned to the same assignee as 
the present application. 

GOVERNMENT RIGHTS 

[0003] This invention Was made With Government support 
under contract N00024-97-C-4157 from the Naval Sea Sys 
tems Command. The Government has certain rights to this 
invention. 

FIELD OF THE INVENTION 

[0004] The present invention relates to micro-optical ele 
ments that rotate bi-directionally around one or tWo axes of 
rotation. More speci?cally, this invention relates to micro 
opto-electro-mechanical (MOEM) devices that sense and 
electrostatically control the angular position of an optical 
element. 

BACKGROUND OF THE INVENTION 

[0005] Improved and more robust micromachined beam 
steering mirrors With high angular position accuracy are 
desired for ?ber optics communications netWorks, free 
space laser communications systems, laser radars, and pro 
jection displays. Micromirror arrays can be used for cross 
connect sWitches and add/drop multiplexers in all-optical 
netWorks. Mirrors controlled by electrostatic force feedback 
around tWo axes of rotation over large angular ranges can 
enhance the performance of compact scanning, tracking, 
pointing, imaging, image stabiliZation, laser marking, and 
laser micromachining systems. 

[0006] The micromirrors of many prior-art optical 
sWitches have one or tWo stable positions in Which to 
redirect an optical beam to a designated output. Optical 
sWitches With torsional mirrors can route an optical signal 
from an input ?ber to any one of N output ?bers in a 1-D 
array. A mirror mounted by thin-?lm, torsional ?exure 
beams in a double gimbal arrangement can be positioned 
around tWo axes of rotation to route an optical signal to any 
?ber in a bundle of N><M ?bers in a 2-D array. 

[0007] Mirrors suspended by torsional ?exures and gimbal 
frames are angularly displaced by electrostatic torque devel 
oped by applying a voltage across the electrodes of a 
variable air-gap capacitor. Capacitor electrodes are formed 
on a surface of the mirror and cooperating electrodes are 
attached to stationary structure. Four pairs of cooperating 
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capacitor electrodes are required to angularly position an 
optical element bi-directionally around tWo axes of rotation. 

[0008] A disadvantage of controlling a micromirror by a 
variable air-gap capacitor is the narroW spacing betWeen the 
capacitor electrodes limits the displacement of the movable 
electrode. This displacement is further restricted by the 
Well-knoWn “pull-in” instability that occurs at a critical 
voltage at Which the movable electrode de?ects by about 1/3 
of the un-de?ected capacitor gap. Electrode collapse arises 
due to the highly nonlinear force of attraction betWeen the 
capacitor electrodes With applied voltage. This force varies 
as the inverse of the gap spacing squared While the elastic 
reaction torque of ?exure means remains substantially linear 
over alloWable angles of mirror tilt. 

[0009] It is knoWn that a control voltage superimposed on 
a larger ?xed bias voltage improves the ability to control a 
torsional mirror over a small range of angles. It is also Well 
knoW that differential capacitors can further improve force 
linearity as disclosed by Uchimaru, US. Pat. 5,740,150. 
HoWever, the dif?culties, limitations, and electronic com 
plexity of obtaining a reasonably Well behaved response for 
a tWo-axis, micromachined beam steering mirror over a 
practical angular range of tip and tilt Were demonstrated 
analytically and experimentally by Toshiyoshi, et al., “Lin 
eariZation of Electrostatically Actuated Surface Microma 
chined 2-D Optical Scanner,”J. Micro Electra Mech Syst. 
vol. 10, no. 2, 2001. This dif?culty is compounded because 
the non-linear force-angle characteristic of a mirror driven 
by air-gap capacitor actuator is dependent upon both the 
angular position and vertical displacement of the mirror 
element. 

[0010] P. F. Van Kessel, et. al.,“ MEMS-Based Projection 
Display,” Proc. IEEE, vol. 86, Aug. 1998, describe a digital 
micromirror device (DMD) comprising an array of thin-?lm, 
torsional mirror elements. The mirrors are rapidly sWitched 
betWeen tWo stable states of de?ection to spatially modulate 
light for image projection. Although the mirror elements are 
de?ected to angles of about 110°, the problem of a non 
linear electrostatic transfer function is accommodated. 
When the DMD mirror is tilted aWay from its relaxed state, 
a leading edge of the mirror mechanically lands on a surface 
beyond the control electrodes to prevent total electrostatic 
collapse. 

[0011] Another short coming of prior-art, micromirror 
arrays is that the mirror elements and support structure are 
generally micromachined from thin-?lms, e.g., polysilicon 
or metals. It is difficult to control ?lm stresses, bending, and 
out-of-plane distortion of components constructed of these 
materials. Micromirrors suspended by double gimbals With 
tWo pairs of torsional ?exure beams are complex devices to 
fabricate and are dif?cult to control because the non-linear 
response is also lcoupled to bending deformations. 

[0012] The advantages of electrostatically controlled 
actuators With curved electrodes are Well knoWn, e.g., 
Legtenberg, et. al., “Electrostatic Curved Electrode Actua 
tors,” Proc. IEEE Conf on Micro Electro Mechanical Syst., 
Amsterdam, The Netherlands, J an.-Feb., 1995. These actua 
tors operate at substantially loWer bias and control voltages 
than actuators With variable air-gap capacitors. 

[0013] The variable capacitor of US. Pat. No. 6,151,967 
With a contoured stationary electrode can be operated as an 
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electrostatic actuator as disclosed in “Force-Balanced 
Capacitive Transducer,” US. patent application Ser. No. 
09/866,351, May 25, 2001. This capacitor is referred to 
herein as variable area capacitor (VAC) since a substantial 
portion of a change in capacitance With a applied force is due 
to an increase in effective electrode area rather than a change 
in electrode spacing. The capacitance of a VAC increases as 
an area of ?xed capacitive spacing increases betWeen coop 
erating electrodes While the approach of a movable electrode 
With respect to a stationary electrode remains small. 

[0014] An advantage of sensors and actuators With regions 
of ?xed dielectric capacitance spacing betWeen cooperating 
electrodes is the very large capacitance change and high 
values of quiescent capacitance typical of these transducers. 
This results in several orders of magnitude increased 
dynamic range. High quiescent capacitance avoids the noise 
limitations of small capacitors and associated detection 
electronics as Well as the reduction of transducer sensitivity 
due to parasitic capacitance. Problems associated With the 
pickup of stray signals are reduced if one electrode of a 
variable capacitor, or the common electrode of a differential 
variable capacitor is grounded. 

[0015] Accordingly, optical mirrors and sWitches of 
simple construction are desired that bi-directionally position 
an optical beam around tWo axes of rotation to high angular 
resolution and accuracy; operate at loW bias and control 
voltages over practical angular ranges; and are microma 
chined from silicon or another a high strength material With 
stable mechanical properties. 

SUMMARY OF THE INVENTION 

[0016] The general object of the present invention is to 
provide an opto-electro-mechanical transducer, a method of 
construction, and a method to control the angular position of 
a rigid body Without the performance limitations of prior-art 
transducers With variable air-gap capacitors. The rigid body 
can include a mirror, lens, grating, ?lter, holographic ele 
ment, electrical component, or mechanical component. The 
embodiments of the present invention employ variable 
capacitors With regions of ?xed capacitance spacing 
betWeen cooperating electrodes to develop greater electro 
static forces and larger displacements at loW operating 
voltages compared to prior-art capacitors actuators. 

[0017] Aspeci?c objective is to provide micromirrors and 
optical sWitches having a substantially linear equilibrium 
force-angle response characteristic that can be controlled to 
high angular accuracy by closed-loop electrostatic force 
feedback over a range of tip and tilt angles. 

[0018] Another objective is to provide a transducer With 
structural means that alloWs an optical element to bi-direc 
tionally rotate around tWo axes rotation Without the com 
plexity of a gimbal frame and position varying voltage 
compensation. 
[0019] Still another objective is to provide a method to 
micromachine MOEMS With micro-optical elements from 
single-crystal silicon or another a high strength material With 
stable mechanical properties. 

[0020] A further objective is to provide a method of 
control that alloWs an electrode of an electrostatic actuator 
to be electrically grounded and a cooperating electrode to 
simultaneously sense and control the angular position of an 
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optical element. And alternately, provide a differential opto 
electro-mechanical transducer With differential sense and 
control electrodes and a common ground electrode. 

DESCRIPTION OF THE DRAWINGS 

[0021] 
[0022] FIG. 1, is a simpli?ed sectional vieW of an optical 
element displaced by a ?exible diaphragm of a variable 
capacitor With a region of ?xed capacitance spacing; 

[0023] FIG. 2, is a simpli?ed sectional vieW of an opto 
electro-mechanical transducer With an optical element 
coupled to torsional ?exure means; 

[0024] FIG. 3, is a sectional vieW of a ?rst, single-axis 
embodiment of the present invention; 

In the draWings, 

[0025] FIG. 4, is a vieW of a micromachined structure of 
the embodiment of FIG. 2; 

[0026] FIG. 5A, is a top vieW of a micromachined struc 
ture of a ?rst, tWo-axis embodiment of the present invention; 

[0027] FIG. 5B, is a sectional vieW of the micromachined 
structure of FIG. 5A; 

[0028] FIG. 6, is a vieW of the substrate of the ?rst, 
tWo-axis embodiment; 

[0029] FIG. 7 is a top vieW of the rigid electrode arrange 
ment of the ?rst, tWo-axis embodiment; 

[0030] FIG. 8, is a sectional vieW of a second, single-axis 
embodiment of the present invention; 

[0031] FIG. 9 is a top vieW of a ?lm electrode arrange 
ment of the embodiment of FIG. 8; 

[0032] FIG. 10 is a sectional vieW of a second, tWo-axis 
embodiment of the present invention; 

[0033] FIG. 11 is top vieW of a micromachined structure 
of the embodiment of FIG. 10; 

[0034] FIG. 12 is a top vieW a metal ?lm electrode 
arrangement of the embodiment of FIG. 10; 

[0035] FIGS. 13A-H shoW the general processing steps to 
fabricate a micromachined structure for a ?rst, tWo-axis 
embodiment of the present invention. 

[0036] FIGS. 14A-E shoW the general processing steps 
used to fabricate a substrate for the ?rst, tWo-axis embodi 
ment of the present invention. 

[0037] FIG. 15 is a simpli?ed opto-electro-mechanical 
diagram that shoWs electrical connections to sense and 
control the tilt angle of the ?rst, single-axis embodiment of 
the present invention; 

[0038] FIG. 16 is a simpli?ed opto-electro-mechanical 
diagram that shoWs electrical connections to sense and 
control the tilt angle of the second, single-axis embodiment 
of the present invention; 

[0039] FIG. 17 is an electrical schematic diagram that 
shoWs electrical connections to sense and control the tip and 
tilt angles of tWo-axis embodiments of the present invention; 

[0040] FIG. 18 shoWs the tip and tilt directions of an 
optical element. 
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DETAILED DESCRIPTION 

[0041] Further objects and advantages of the present 
invention Will become apparent from the following descrip 
tion. To avoid obscuring the description of the invention 
With unnecessary detail, Well knoWn techniques for process 
ing semiconductor materials and fabricating MOEMS com 
ponents are referred to Without elaboration. The draWings 
are schematic in nature and the features shoWn are not draWn 
to relative scale; like reference numbers designate similar 
parts or elements With similar functions. 

[0042] A variable capacitive transducer that controls the 
displacement of an optical element is described ?rst to help 
explain the construction and operation of preferred embodi 
ments of the present invention. FIG. 1 is a simpli?ed 
sectional vieW of a VAC transducer generally indicated by 
reference numeral 8 With an optical element 10 suspended 
by a thin-?lm diaphragm 12 of dielectric material of high 
permittivity compared to air. A conductive ?lm electrode 14 
deposited on diaphragm 12 surrounding optical element 10 
forms a ?exible capacitor electrode. Diaphragm 12 is af?xed 
to an outside portion of a stationary cooperating capacitor 
electrode 16 having a surface contoured region 18. The 
dielectric material of diaphragm 12 maintains a region of 
?xed capacitive spacing betWeen mutually opposed areas of 
the capacitor electrodes. This region of ?xed spacing 
increases With de?ection of ?exible electrode 14. 

[0043] When voltage V is placed across the capacitor 
electrodes, a distributed electrostatic force E6 of attraction 
displaces diaphragm 12 and optical element 10 to a neW 
position shoWn by dashed line 20. This position of static 
force equilibrium is reached When tensile and bending 
reaction forces of the diaphragm match force Fe due to 
electric ?eld coupling. The range of displacement Ay and 
magnitude of electrostatic force Fe for a control voltage V 
is much greater than the values for practical actuators With 
variable air-gap capacitors of comparable siZe. The thick 
ness of diaphragm 12, typically 0.2 to 2 micrometers, is 
limited by the dielectric strength of the diaphragm material 
and by Paschen’s LaW in the gaseous medium in adjacent 
regions of narroW electrode spacing. 

[0044] When element 10 is a plane mirror, an optical ray 
I striking re?ecting surface 22 at an angle of incidence 0 is 
re?ected at an angle of re?ection —0. When the mirror is 
displaced a distance Ay, re?ected ray R is displaced a 
distance Ad to a neW position shoWn by ray R‘ and the optical 
path length traversed by the ray is increased accordingly. 

[0045] The energy We stored in the electric ?eld of the 
variable capacitor electromechanically coupled to optical 
element 10 can be approximated by, 

(1) 

[0046] Where, C is the capacitance of the VAC, A is the 
effective area of the capacitor electrodes determined pre 
dominately by the region of ?xed capacitance spacing, s is 
the effective spacing betWeen the capacitor electrodes deter 
mined predominately by the thickness of diaphragm 12, e is 
the effective dielectric constant of the medium betWeen the 
capacitor electrodes determined predominately by the per 
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mittivity of the dielectric material of diaphragm 12, and V is 
the voltage across the capacitor electrodes. The correspond 
ing generaliZed electrostatic force Fe associated With a 
de?ection E due to electric ?eld coupling can be calculated 
by differentiating the electrostatic energy: 

awg_awe ac_acv2 (2) 
Fe: 65 - ac §-&? 

[0047] The pro?le of surface contoured region 18 can be 
selected to constrain the approach of ?exible electrode 14 
With displacement of diaphragm 12 to provide a substan 
tially linear increase in capacitance With de?ection Within 
the tolerance limits of micro-fabrication. Ideally, this con 
dition is satis?ed When 6C/6E remains substantially constant 
over a selected range of mirror displacement. Such a pro?le 
provides a force substantially independent of electrode spac 
ing, thereby avoiding the severe non-linearity associated 
With a mechanically unconstrained capacitor electrode. 

[0048] It is generally desirable to apply a bias voltage VB 
to mechanically pre-load diaphragm 12 at a selected oper 
ating position and corresponding quiescent capacitance CO. 
A control voltage V is then superimposed on voltage VB to 
control the position of optical element 10. This provides a 
non-Zero value of gain GEE/6V at Zero control voltage V. For 
this mode of operation, an incremental change in force Fe 
With voltage is substantially constant since 

aF-KV v (3) W- ( +8) 

[0049] Where K equals 6C/6E Which is substantially ?xed 
for the pro?le selected for surface contour 18. 

[0050] The action of a VAC actuator can be understood by 
realiZing that the ?xed spacing betWeen electrodes is so 
small that a rising voltage continuously collapses ?exible 
electrode 14 across contoured region 18 of stationary elec 
trode 16. This increases the area A contributing to the 
capacitance betWeen the electrodes and provides large dis 
placements not limited by the dimensions of a narroW air 
gall 

[0051] When a ?exible electrode of a VAC comprises a 
metal layer deposited on a thin silicon nitride layer, the 
dielectric constant of the insulating ?lm is about seven times 
higher than air, further increasing both capacitance variation 
With area and quiescent capacitance. One advantage of 
capacitive transducers fabricated With silicon nitride mem 
branes is that LPCVD nitride ?lms can be formed With loW 
stress and a coefficient of thermal expansion that closely 
matches silicon. 

[0052] For a variable capacitor constructed With a dielec 
tric spacer layer deposited on a stationary electrode, dielec 
tric constants of 25 and more are possible With the oxides of 
tantalum, Zirconium, and hafnium. These materials provide 
at least a ?vefold increase in force or a ?vefold decrease in 
actuation voltage compared to variable air-gap capacitors of 
equivalent siZe. 

[0053] A VAC can be used to simultaneously sense and 
control the position of an optical element by the method of 
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electrostatic force feedback. US. patent application Ser. No. 
09/866,351 discloses a preferred method to measure the 
capacitance of a transducer to control the displacement of a 
rigid body, e.g., seismic mass or optical element. One 
electrode of a VAC is coupled to an input of a capacitance 
measurement circuit and a second cooperating electrode is 
electrically grounded. The circuit measures the capacitance 
of the VAC With respect to either a reference capacitor, a 
reference voltage, or a second differential VAC in a con 

tinuously null-balanced bridge netWork. An output voltage 
of the measurement circuit is ampli?ed to provide a feed 
back voltage to electrostatically force balance the movable 
electrode of the capacitive transducer. When a position 
programming voltage is applied to the bridge netWork, the 
resulting feedback voltage de?ects a rigid body to a neW 
position of force equilibrium and a neW value of quiescent 
capacitance CO‘. The change in capacitance AC of the VAC 
is proportional to the programming voltage over a Wide 
linear dynamic range. 

[0054] FIG. 2 is a sectional vieW of an opto-electro 
mechanical transducer With at least one electrical coupling 

?eld generally indicated herein by reference numeral 23. An 
optical element 10 is supported on opposing sides by a pair 
of torsional ?eXure means 24 and 24‘ With aXes normal to the 

X-Y plane of the diagram. The ?eXure means constrain 
element 10 to angular rotation around one free-aXis of 

rotation established by the centroids of the cross-sections of 
the ?eXure means. TWo, thin-?lm dielectric members 12 and 

12‘ mechanically couple orthogonally disposed sides of 
optical element 10 to edge portions of stationary capacitor 
electrodes 16 and 16‘ respectively. The stationary electrodes 
have symmetrical surface contoured regions 18 and 18‘ 
Which face dielectric members 12 and 12‘ respectively. Thin 
?lm electrodes 14 and 14‘ formed on selected portions of 
dielectric members 12 and 12‘ respectively comprise the 
cooperating electrodes of tWo, variable capacitors C1 and C2 
each having a region of ?Xed capacitance spacing deter 
mined by the thickness of the dielectric members. Dashed 
line 26 shoWs the position a re?ecting surface 22 rotated 
counter-clockWise to an angle 4) When optical element 10 is 
a plane mirror. Element 10 is angularly displaced by apply 
ing a voltage V across capacitor electrodes 14 and 16 to 
create a tractive force F1 that couples a torque to optical 
element 10. This causes a re?ected optical ray R of an 

incident ray I to be rotated by angle 2(]) to a neW direction 
shoWn by ray R‘. Ray R‘ is also displaced in the X-Y plane 
by distances —eX and —ey that are too small to be shoWn in 
FIG. 2. Displacement —ey arises due to the offset of re?ect 
ing surface 22 from its aXis of rotation, and displacement —ey 
arises due to the elastic bending of ?eXure means 24 and 24‘ 
due force Fl. Abearing placed under element 10 at a location 
shoWn by dashed curve 28 can be used to further constrain 

vertical displacement. When a voltage V‘is applied across 
capacitor electrodes 14‘ and 16‘ , a tractive electrostatic force 

F2 is created by electric ?eld coupling to angularly rotate 
optical element 10 clockWise. 
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[0055] The energy We stored in the electric ?eld in capaci 
tors C1 or C2 electromechanically coupled to optical element 
10 can be expressed as, 

[0056] Where, C(G) is the capacitance of the variable 
capacitor, Gan angle of rotation of element 10, and V a 
voltage applied across the capacitor electrodes. The electro 
static torque Fe resulting from a change of energy We. due 
to a change in angle 0 is 

awe _ iacw) V2 (5) 
Fe: 60 ‘2 a0 

[0057] When stationary electrodes 16 and 16‘ are electri 
cally connected, capacitors C1 and C2 form the cooperating 
capacitors of a differential capacitor that can angularly 
position optical element 10 bi-directionally around one aXis 
of rotation. 

[0058] A preferred method to control the position of 
optical element 10 is to apply a differential bias voltage +VB 
and —VB to electrodes 14 and 14‘ to couple a balanced 
electrostatic torque to opposing sides of optical element 10. 
At this position, the optical element resides at a neutral 
position 0=0O and capacitors C1 and C2 have substantially 
equal quiescent values CO. When a control voltage V is 
superimposed on the bias voltage at each control electrode, 
optical element 10 Will angularly rotate to a neW angle 6i to 
reestablish static force equilibrium. The net force F of the 
system at this neW position of equilibrium is Zero and can be 
generally eXpressed as, 

(6) _ 661(0) (v + m2 662(0) (v — m2 k 0] 

[0059] Where, keis the torsional stiffness of ?eXural 
means. The pro?le of surface contoured regions 18 and 18‘ 
of transducer 23 can be selected Within the limits of micro 
fabrication tolerances to maintain 6C(0)/60 at the same 
near-constant value K for both capacitors over a range of tilt 
angles 6i§|6mX|. For this condition, equation (6) can be 
simpli?ed yielding, 

[0060] The gain GD of this electric ?eld coupled system 
found by differentiation is, 
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[0061] Which indicates that GD is constant and propor 
tional to VB. At static equilibrium, an angle of tilt 0 is also 
linear With control voltage V since 

: ZKVB V- (9) 
0 kg 

[0062] Equations 8 and 9 illustrate tWo advantages of the 
present invention. Both the open-loop gain and the equilib 
rium voltage-angle response of transducer 23 are largely 
independent of angular de?ection. 

[0063] For the preferred embodiments, it is suf?cient to 
select a surface contour for stationary electrodes 18 and 18‘ 
that is convenient to fabricate, one Which reasonably 
approximates the condition that 6C(0)/60 have a constant 
value over a range of angles. It is generally suf?cient that a 
region of ?xed capacitance spacing exist betWeen the 
capacitor electrodes over the angular operating range. This 
provides a continuous state of static equilibrium over an 
angular range to avoid the severe non-linearity of variable 
air-gap capacitors. 

[0064] The methods of electrostatic force feedback 
described hereinabove for transducer 8 also can be used to 
control and maintain optical element 10 of transducer 23 at 
a constant angular position. 

First Preferred Single-Axis Embodiment 

[0065] FIG. 3, is a sectional vieW of a ?rst, single-axis 
embodiment of an opto-electro-mechanical transducer of the 
present invention generally indicated herein by reference 
numeral 30. The construction of transducer 30 can be more 
easily visualiZed When FIG. 3 is vieWed in combination With 
FIG. 4, a vieW of a micromachined structure generally 
shoWn by reference numeral 32. Transducer 30 comprises 
micromachined structure 32 of single-crystal silicon bonded 
at a bottom surface 34 to a top surface 36 of an insulating 
substrate 38. Micromachined structure 32 includes an opti 
cal element 10 coupled to an integral support frame 40 by 
tWo torsional ?exure means 24 and 24‘ that constrain ele 
ment 10 to angular rotation around one free-axis of rotation. 
Referring to FIG. 4, opposing sides of optical element 10 are 
coupled to support frame 40 by tWo ?exible thin-?lm 
members 42 and 42‘ . The thin-?lm members comprise 
dielectric material deposited on top surface regions 44 and 
44‘ and tWo interior Walls 46 and 46‘ of frame 40; on 
opposing sideWalls 48 and 48‘ and top surface 50 of optical 
element 10; and include unsupported regions 52 and 52‘. A 
portion of the silicon at a bottom surface 54 of element 10 
at the silicon to dielectric ?lm interface 56 and 56‘ is etched 
to form spring hinges 58 and 58‘ at the edges of unsupported 
regions 52 and 52‘. Hinges 58 and 58‘ alloW optical element 
10 to rotate to greater angles of tilt than possible by just 
elastic stretching of thin ?lm regions 52 and 52‘ alone. Metal 
?lms 60 and 60‘ deposited over thin-?lm members 42 and 
42‘ Within the boundaries shoWn by broken lines 62 and 62‘ 
in FIG. 4 form electrodes electrically extending over surface 
regions 44 and 44‘ on support frame 40 on Which to bond 
electrical terminals. 

[0066] TWo surface contoured regions 64 and 64‘ are 
formed over and in surface 36 of substrate 38. A connecting 
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cavity 66 formed betWeen surface contoured regions 64 and 
64‘ and a bottom surface 68 of substrate 38 provides a path 
over Which to form an electrical connection. A metal ?lm 70 
formed selectively on contoured regions 64 and 64‘, on a 
sideWall 72 of cavity 66, and on a surface region 74 of 
surface 68 forms a common cooperating capacitor electrode 
electrically extended to surface region 74 on Which to bond 
an electrical terminal. Electrical terminals 76 and 76‘ are 
bonded to metal ?lms 60 and 60‘ over surface regions 44 and 
44‘, and a common terminal 78 is bonded to metal ?lm 70 
over surface region 74. 

[0067] Metal ?lm 60 on ?exible thin-?lm member 42 and 
metal ?lm 70 on contoured region 64 comprise the cooper 
ating electrodes of a ?rst variable capacitor C1. Metal ?lm 
60‘ on thin-?lm member 42‘ and the same metal ?lm 70 on 
contoured region 64‘ comprise the cooperating electrodes of 
a second variable capacitor C2. Metal ?lm 70 for this 
embodiment forms a common electrode of both capacitors 
C1 and C2 or tWo cooperating capacitors of a differential 
variable capacitor. The dielectric material of thin-?lm mem 
bers 42 and 42‘ establish regions With ?xed capacitive 
spacing betWeen mutually opposed areas of the ?exible and 
rigid electrodes of capacitors C1 and C2. These areas of ?xed 
capacitance increase as metal ?lms 60 and 60‘ de?ect in 
response to an electrostatic force of attraction. Optical 
element 10 can be rotated counter-clockWise or clockWise 
by applying a voltage to either terminal 76 or 76‘ respec 
tively When terminal 78 is grounded. A simpler, single-side 
embodiment of transducer 30 can be constructed With one 
variable capacitor to provide one direction of rotation. Only 
one control terminal (either 76 or 76‘) is required to rotate 
mirror element 10, or alternately, to sense and control the 
angle of optical element 10 by electrostatic force feedback. 
Micromachined structure 32 can be either bulk or surface 
micromachined from a Wafer of silicon. The geometry of the 
sideWalls of optical element 10, ?exure means 24 and 24‘, 
and support frame 40 shoWn in FIGS. 3 and 4 are indicative 
of anisotropic Wet etching of <100> silicon by processing 
steps to described hereinafter. 

[0068] A dashed outline of an optional bearing 80 With 
edges rounded by isotropic etching is shoWn in FIG. 3 
extending from bottom surface 54 of optical member 10. 
Bearing 80 is supported by a central surface region 82 of 
substrate 38 representatively shoWn as a dashed line. 
Optional bearing 80 and surface 82 can be provided to 
further limit the vertical displacement of optical element 10. 
An advantage of supporting optical element 10 by a bearing 
is that ?exure means 24 and 24‘ can be replaced by a pair of 
?exures means With the construction of thin ?lm members 
42 and 42‘. This alloWs transducer 30 to be constructed With 
four variable capacitors or alternatively tWo differential 
variable capacitors. A?exible electrode of least one variable 
capacitor can be used to rotate optical element 10 around a 
?rst axis of rotation and a ?exible electrode of at least one, 
orthogonally disposed, variable capacitor can be used to 
rotate optical element 10 around a second axis of rotation. 

First Preferred TWo-Axis Embodiment 

[0069] A ?rst tWo-axis embodiment of the transducer of 
the present invention is generally referred to herein by 
reference numeral 90. Transducer 90 has a construction 
similar to transducer 30 of FIG. 3, a micromachined struc 
ture bonded to an insulating substrate, but ?exure means 24 
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and 24‘ are replaced by thin ?lm members. FIG. 5A is a top 
vieW and FIG. 5B is a sectional vieW of micromachined 
structure 32 of transducer 90. FIG. 6 is a vieW of the 
substrate of transducer 90, generally indicated herein by 
reference numeral 100. Transducer 90 comprises microma 
chined structure 32 bonded at a bottom surface 34 to a top 
surface 36 of substrate 100. Referring to FIG. 5A, tWo pairs 
of orthogonally disposed thin-?lm members 42 of dielectric 
material constrain element 10 from angular rotation around 
one free-axis of rotation, but alloW element 10 to be angu 
larly positioned around tWo free-axes of rotation. Since 
thin-?lm members easily bend, vertical support of optical 
element 10 is provided by bearing 80 shoWn in FIG. 5B in 
contact With a recessed central surface region 82 of substrate 
100 of FIG. 6. 

[0070] Referring FIG. 5A and 5B, the four thin-?lm 
members 42 couple optical element 10 to support frame 40. 
Each member 42 comprises a shoulder region 84 deposited 
on surface 44 and a Wall 46 of frame 40 and includes a 
connected unsupported region 86 connected to a ribbon 
linkage 88 coupled to a sideWall 48 and surface 50 of 
element 10. As shoWn in FIG. 5B, a portion of the silicon 
of element 10 is etched back to form four spring hinges 58. 
Hinges 58 alloW element 10 to be rotated to greater angles 
of tip and tilt than possible by just elastic stretching of the 
dielectric ?lm of linkages 88 alone. Metal ?lm 60 deposited 
over thin-?lm members 42 forms four, electrically con 
nected capacitor electrodes connected to regions 84 over 
Which to bond electrical terminals. 

[0071] Referring to FIG. 6, four orthogonally disposed, 
anamorphic surface contoured regions 64 are formed over 
and in a planar surface 36 of a substrate 100. And, four 
lateral channels 102 formed in substrate 100 are connected 
to contoured regions 64 to provide paths in Which to deposit 
independent electrical conductors. Arecessed central surface 
region 82 provides a bearing surface. Dashed outline 104 
indicates the position at Which micromachined structure 32 
is bonded to substrate 100. 

[0072] FIG. 7 is a top vieW of an electrode arrangement 
generally indicated herein by reference number 110. Four, 
metal ?lm electrodes 112 are deposited on contoured regions 
64 of substrate 100. Each electrode has a connected tab 114 
deposited Within channels 102. Electrodes 112 comprise the 
stationary electrodes of four variable capacitors or tWo 
differential variable capacitors. 

[0073] In an alternate construction of substrate 100, sur 
face regions 64 comprise quadrants of a rotationally sym 
metric concave surface formed over and in surface 36. This 
continuous dish-shaped pro?le causes the outside edges 106 
of unsupported regions 86 to ?rst contact neW areas of 
surface regions 64 as region 86 de?ects. Accordingly, an 
electrostatic force acting on electrode 112 cause unsupported 
regions 84 to curl With de?ection, thereby contributing an 
additional component to the effective spring of thin ?lm 
members 42. 

[0074] The contour of regions 56 of both aforementioned 
designs are selected to provide a continuously changing 
region of ?xed capacitive spacing betWeen metal ?lm elec 
trodes 112 and common metal ?lm 60 for the four variable 
capacitors When a bias voltage of equal magnitude is applied 
to mechanically preload unsupported regions 86. In a sim 
pler embodiment, a ?exible electrode of one variable capaci 
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tor can be used to rotate optical element 10 in one direction 
around a ?rst axis of rotation and a ?exible electrode of an 
orthogonally disposed variable capacitor can be used to 
rotate optical element 10 in one direction around a second 
axis of rotation. 

Second Preferred Single-Axis Embodiment 

[0075] FIG. 8 is a sectional vieW of a second, single-axis 
embodiment of the present invention generally indicated 
herein by reference numeral 120. Transducer 120 comprises 
a micromachined structure 32 bonded at a bottom surface 34 
to a top surface 36 of an insulating substrate 38. Microma 
chined structure 32 includes an optical element 10 and a 
support frame 40 etched from a Wafer of high conductivity 
doped single-crystal silicon. Optical element 10 is coupled 
to opposing sides of support frame 40 by tWo, torsional 
?exure means 24 and 24‘ With axes normal to the plane of the 
diagram The ?exure means angularly constrain element 10 
to rotation around one free-axes of rotation. Ametal ?lm 122 
is formed over surface 44 of support frame 40, over surface 
50 of optical element 10, and on tWo top sides 25 of ?exure 
means 24 and 24‘. Metal ?lm 122 electrically connects 
optical element 10 to support frame 40 over Which to bond 
an electrical terminal. The conductivity of top sides 25 of 
?exure means 24 and 24‘ can be enhanced by a high dose ion 
implantation of boron. A dielectric layer 42 is formed on a 
bottom surface 54 of optical element 10. The bottom surface 
54 comprises an common electrode for at least one variable 
capacitor or one differential variable capacitor. TWo oppo 
sitely disposed channels 102 and 102‘ etched in and across 
bottom surface 34 of frame 40 to provide clearance for tWo 
electrical conductors. 

[0076] Surface 36 of substrate 38 has a central raised 
portion 124 that provides a bearing to support optical 
element 10. Raised portion 124 has tWo, opposing anamor 
phic surface contoured regions 126 and 126‘ of constant 
Width that are symmetrically disposed about a vertex 128 
along a line perpendicular to the plane of the diaphragm. 
Contoured regions 126 and 126‘ are formed by processing 
methods described hereinbeloW. 

[0077] FIG. 9 is a top vieW of a metal ?lm electrode 
arrangement formed on substrate 38. A metal ?lm 130 is 
formed on contoured region 126 and a connected extension 
132 is formed along a path 134 on surface 36 under channel 
102 as shoWn in FIG. 8. Asecond metal ?lm 130‘ is formed 
on contoured region 126‘ and a connected extension 132‘ is 
formed along a path 134‘ under channel 102‘. Electrical 
terminals 136 and 136‘ are bonded to metal ?lm extensions 
132 and 132‘ respectively on an outer lip portion 138 of 
substrate 38, and an electrode 139 is bonded to metal ?lm 
122 on top surface 44 of support frame 40. 

[0078] Metal ?lm 130 and bottom surface 54 of optical 
element 10 comprise the cooperating electrodes of a ?rst, 
variable capacitor C1. Metal ?lm 130‘ and bottom surface 54 
of optical element 10 comprise the cooperating electrodes of 
a second, variable capacitor C2. Bottom surface 54 is a 
common electrode of both capacitors C1 and C2 that form a 
differential variable capacitor. Optical element 10 can be 
rotated counter-clockWise or clockWise by applying a volt 
age to terminal 136 or 136‘ respectively When terminal 139 
is grounded. Dielectric ?lm 42 establishes a region of ?xed 
dielectric spacing betWeen the stationary electrodes and the 












